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Abstract
We investigate possible consequences of resonant scalar interactions for dilep-
ton production from a quark plasma at the chiral phase transition. It is found
that this production mechanism is strongly suppressed compared to the Born
process and has no significance for present experiments.
PACS numbers: 05.70.Jk, 12.38.Mh, 13.40.-f, 25.75.-q
Recent experiments with ultrarelativistic S- and Pb-beams at the CERN-SPS have shown
that dilepton production in the low mass region is strongly enhanced when compared with
a simple extrapolation from proton-proton and proton-nucleus collisions [1]. An application
of the previously developed standard approach which also includes a possible QCD phase
transition [2] to the situation in the CERES experiment [3] for different sets of equations
of state shows that (i) hadronic processes dominate the dilepton spectrum in the low mass
region, but (ii) the experimental finding of low mass dilepton enhancement cannot be repro-
duced within the standard scenario which neglects modifications of either quark or hadron
properties in a hot and dense medium.
Among possible explanations of the low mass dilepton enhancement the in-medium mod-
ification of the ρ resonance is the standard one [4,5]. It is, however, debated whether chiral
symmetry restoration influences the fate of this vector resonance in the vicinity of the QCD
phase transition [5]. In this context the roˆle of critical phenomena related to scalar reso-
nances should be considered.
Already in 1992, Weldon suggested that in a hot pion gas with finite chemical potential
the scalar resonance can decay into a lepton pair [6]. This process is particularly interesting
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as a “direct” signal of chiral symmetry restoration in hot and dense matter, where the scalar
and pseudoscalar mesonic modes become degenerate. With increasing temperature of the
hadron gas, the hadronic decay channel (σ → pipi) closes as soon as mσ < 2mpi at T ≈ 150
MeV [7]. At this temperature the sigma meson could appear as a prominent resonance of
the dilepton spectrum. However, the mechanism proposed by Weldon depends strongly on
a pion chemical potential, and requires in particular a significant difference of positive and
negative pion densities, for which there is no experimental evidence.
In this article we rather scrutinize another mechanism in which scalar correlations could
be of importance, namely we investigate whether resonant scalar qq¯ interactions can be a
source of dileptons in the mass region 0.2 GeV <∼Me+e− <∼ 0.6 GeV. The underlying physical
scenario is the chiral symmetry restoration at the phase transition of the hot meson gas to
quark matter, whereby strong nonperturbative correlations of color-singlet qq¯ pairs may
persist (“critical opalescence” of quark matter [8,9]).
We will show that due to the resonant interaction, the spectral density in the scalar chan-
nel of quark-antiquark annihilation in quark matter at the chiral phase transition might be
enhanced by 1–2 orders of magnitude. The contribution of this process to the dilepton pro-
duction rate, however, is smaller than the perturbative thermal Born process and cannot be
considered as a source for the dilepton enhancement observed by the CERES collaboration.
Due to the built-in chiral symmetry it seems reliable to use in this report the simplest
SU(2) version of the Nambu–Jona-Lasinio (NJL) model at finite temperature and chemical
potential in order to study the scalar correlations in the quark phase [11] and to give at least
order of magnitude estimates of the physical phenomena we are interested in.
We consider the production (by qq¯ annihilation) of a virtual photon, i.e. lepton pair, with
invariant mass M2 = (p1+ p2)
2 and three-momentum P = |p1+p2| in a locally thermalized
medium that is characterized by a fluid four-velocity u. The temperature T and quark
chemical potential µ in a given fluid cell determine uniquely the constituent quark mass m
as solution of the gap equation [11]. The lepton mass is denoted by ml.
The spin-averaged annihilation cross section in lowest order of the electromagnetic in-
teraction [2] is given by the general expression
σ
[
q(p1)q¯(p2)→ γ(M,P)→ l+l−
]
=
α
3M4
L(M)H(M,P)√
1− 4m2/M2
, (1)
L(M) =
(
1 +
2m2l
M2
)√
1− 4m
2
l
M2
θ(M2 − 4m2l ) , (2)
where H = Hµµ corresponds to the contraction of the so-called hadronic tensor
Hµν =
∑
spin
〈q(p1)q¯(p2)|Jµ(0)|0〉〈0|Jν(0)|q(p1)q¯(p2)〉 . (3)
The inclusion of scalar correlations corresponds to the following modification of the
electromagnetic quark current operator with respect to the Born process:
〈q(p1)q¯(p2)|Jµ(0)|0〉 = [v¯(p1)eqγµu(p2)]→ [v¯(p1)u(p2)] K
1− J(M,P)Iµ(M,P) . (4)
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Here the polarization operator J(M,P) for the scalar isoscalar channel at finite temperature
and chemical potential can be evaluated in the NJL model by using the standard techniques
of finite temperature field theory [12] with the result
J(M,P) = iK
∫
d4k
(2pi)4
Tr [G(k)G(k − P )]
=
NCNFK
pi2
∫ Λ
0
k2dk
ω
sinh(ω/T )
cosh(ω/T ) + cosh(µ/T )
[
1− M
2 − 4m2
8Pk
ln(F+F−)
]
, (5)
where ω =
√
k2 +m2 and E =
√
P2 +M2 are the quark and photon energies, respectively,
and
F± =
M2 ± 2Eω + 2Pk
M2 ± 2Eω − 2Pk . (6)
The loop integral (5) has an imaginary part
ImJ(M,P) = −NCNFKT
8piP
(M2 − 4m2) ln
[
cosh(ωmax/T ) + cosh(µ/T )
cosh(ωmin/T ) + cosh(µ/T )
]
, (7)
with ωmax,min = [E ± P
√
1− 4m2/M2]/2. The imaginary part (7) is non-vanishing for
M > 2m and corresponds to the decay width of the scalar meson in the q¯q- channel. Note
that we use a simple version of the NJL model with the scalar coupling constant K and a
three-momentum cutoff Λ.
The loop integral describing the transition σ → γ has the form (Q is the charge operator
for the quarks)
Iµ(M,P) =
∫
d4k
(2pi)4
Tr [G(k)γµQG(k − P )]
=
4
3
NCem
∫
d4k
(2pi)4
2kµ − Pµ
(k2 −m2)[(k − P )2 −m2] . (8)
Using the condition of charge conservation, PµI
µ = 0, one can derive the useful relation
IµI
µ = −M
2
P2
(Iµu
µ)2 , (9)
and it is then practical to define the dimensionless quantity
I˜ =
Iµu
µ
4emP
=
1
P
∫
d4k
(2pi)4
2k0 − E
(k2 −m2)[(k − P )2 −m2]
=
1
(4piP)2
∫
∞
m
dω δn(ω) [(2ω + E) ln(F+) + (2ω −E) ln(F−)] (10)
with
δn(ω) =
sinh(µ/T )
cosh(ω/T ) + cosh(µ/T )
. (11)
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This loop integral does only give a nonvanishing contribution if two conditions are ful-
filled: (a) The difference δn of particle and antiparticle distributions is nonzero because of
a chemical potential corresponding to a finite baryon number. (b) The three-momentum P
of the pair must be nonzero in the rest system of the medium (fluid) in which temperature
and chemical potential are defined.
Coming back to Eq. (1), we obtain
HBorn(M) = e
2
q(M
2 + 2m2) , (12)
HResonance(M,P) = 8e
2(M2 − 4m2)
∣∣∣D(M,P)I˜(M,P)∣∣∣2 , (13)
where the dimensionless quantity
D(M,P) =
KmM
1− J(M,P) (14)
is related to the propagator of the scalar qq¯ correlation.
The final result for the resonance cross section for dilepton production relative to the
Born cross section is
σResonance(M,P)
σBorn(M)
= 8
α
αq
|D(M,P)I(M,P)|2 (15)
with I(M,P) =
√
(M2 − 4m2)/(M2 + 2m2)I˜(M,P).
For the numerical calculation we use the NJL parameters fixed as in Ref. [13] 1. We
choose two representative sets of temperature and (quark) chemical potential and obtain
(all numbers are in MeV): (a) T = 170, µ = 80, m = 150, mσ = 330; and (b) T = 240,
µ = 110, m = 33, mσ = 340. The first set is motivated by a recent fit of thermodynamical
parameters to experimental hadron abundancies [14]. It yields a sigma mass close to the
double quark mass threshold, and consequently the sigma propagator D is strongly peaked.
While the first set (a) corresponds to a scenario in the vicinity of the chiral phase transition,
in the second set (b) we have chosen rather extreme conditions were the chiral symmetry is
almost restored and results in a much smaller constituent quark mass, and a larger width
of the sigma resonance.
The results of the calculation are given in Figs. 1 and 2, where we plot the moduli
of the transition integral I, Eqs. (10,15), and the scalar propagator D, Eq. (14), as well
as the resulting ratio of the resonance and the Born cross section, Eq. (15), where we
have carried out an isospin average α/αq → 18/5. It shows that there is an enhancement
of the scalar propagator D(M,P) which, however, cannot overcome the smallness of the
transition function I. The resulting cross section is always suppressed by at least two orders
of magnitude relative to the Born process, even for the most favorable kinematical conditions.
It can be concluded that the proposed sigma-induced dilepton production process has
no relevance for present-day experiments, where even the thermal Born qq¯ cross section
is negligible relative to hadronic decay contributions in the low mass region of dilepton
production.
1K = 9.45 GeV−2, Λ = 660 MeV, current quark mass m0 = 5.35 MeV
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FIGURES
FIG. 1. Dependence on invariant massM and three momentum P of the transition integral |I|
(top figure), the scalar propagator |D| (middle figure), and the ratio of resonance and Born cross
section (bottom figure) for a temperature T = 170 MeV and quark chemical potential µ = 80 MeV.
FIG. 2. Same as Fig. 1, but for T = 240 MeV and µ = 110 MeV.
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